Quinones are potentially toxic agents that generate reactive oxygen species (ROS) upon reduction. We screened a metagenomic library for a menadione resistance gene to identify UDP-glucose 4-epimerase (UGE). Escherichia coli carrying the gene became resistant to various quinones, but not to ROS. Because UGE is involved in the biosynthesis of lipopolysaccharides, it may have contributed to forming a permeability barrier against lipophilic quinones.
Menadione (2-methyl 1,4-naphthoquinone or vitamin K3) is a quinone agent frequently used as a model compound in oxidative stress studies on both mammalian cells 1) and bacteria.
2) The cytotoxicity of menadione is believed to be due to its ability to produce reactive oxygen species (ROS), such as H 2 O 2 , O 2 À and OH , upon reduction to semiquinone by cellular quinone reductases.
3) Various redox enzymes (e.g., superoxide dismutase and catalase) have been found to reduce menadione toxicity. 2) Recently, two mutants of Streptococcus thermophilus were identified as menadionesensitive clones, in which genes that are involved in peptidoglycan biosynthesis were disrupted, suggesting a possible link between oxidative stress defense and peptidoglycan biosynthesis. 4, 5) Coke-plant quench wastewater contains various phenolic compounds, 6) and hence microorganisms living in the environment constantly suffer various oxidative stresses. In this study, we screened a metagenomic library 7) in search of menadione-resistance genes and to identify novel mechanisms of resistance using activated sludge as a DNA source.
Bulk metagenomic DNA was extracted from the sludge as described previously [8] [9] [10] and randomly sheared to about 33 kb, and the resulting fragments were cloned into a fosmid vector, pCC1FOS (Epicentre, Madison, WI). A total of 96,000 transformants of E. coli EPI300-T1 R (F À mcrA Á(mrr-hsdRMS-mcrBC) f80dlacZÁM15 ÁlacX74 recA1 endA1 araD139, Á(ara leu)7697 galU galK À rpsL nupG trfA tonA dhfr, Epicentre) were generated and split into 10 96-well plates, and the library 10) was then screened for menadione resistance. By cultivation of the cells in LB broth (100 ml) containing 0.6 mM menadione (and chloramphenicol to select for fosmids), four unique clones (MRfos2E3, MRfos3E7, MRfos5B6, and MRfos6F3) were identified (Fig. 1) .
Next we tested to determine whether these positive fosmid clones would display resistance to other ROS generating agents. Exposure to paraquat (0 to 15 mM), H 2 O 2 (0 to 2 mM), and tert-butyl hydroperoxide (0 to 3 mM) indicated that none of the positive fosmid clones was more resistant than the E. coli host alone. These compounds spontaneously generate ROS upon addition to the medium, and those fosmids having the menadione resistance phenotype were not effective in detoxification.
In order to gain insight into menadione resistance at the gene level, we purified a fosmid from MRfos3E7. The fosmid was then randomly sheared to about 2-3 kb, and the resulting fragments were cloned into pUC118. DNA sequencing of the 388 shotgun clones generated indicated that the fosmid contained a 34.1-kb insert that carried 22 open reading frames (ORFs) ( Table 1) . However, no genes were identified that are known to detoxify menadione (e.g., superoxide dismutases or catalases). 2) We then screened the shotgun library, which was produced using E. coli DH10B ( Note hsdRMS-mcrBC)) as a host, for menadione resistance. Screening was carried out by cultivating cells in the presence of 1 mM menadione. Under this condition, E. coli DH10B carrying pUC118 did not grow. Six resistant clones (SG1H1, SG2D6, SG2E6, SG2E9, SG2G5, and SG3E3) were identified, all of which carried the same ORF (ORF #2 in Table 1 ). ORF #2 included a gene encoding a putative UDP-glucose 4-epimerase (UGE, the gene name of galE) between 3,344-4,351 bases, indicating that the galE gene was responsible for the menadione resistance. The deduced amino acid sequence exhibited highest identities to the putative UGE from Bacillus subtilis (66%, CAB15912) and other bacterial UGEs. The NAD þ -binding signature, GXGXXG, as well as other coenzyme-binding residues identified in E. coli UGE, 11) were all conserved in the metagenomic UGE: Asp31, Asn35, Ser 36, Lys84, Asn99 Tyr149, and Lys152. Substrate (UDP-glucose)-binding residues were also conserved (Ser124, Tyr148, Asn178, Asn198, Arg291, Asp294, and Tyr298), suggesting a similarity in enzymatic properties with known bacterial UGEs. E. coli EPI300-T1 R cells carrying MRfos2E3 (triangle), MRfos3E7 (closed circle), MRfos5B6 (square), MRfos6F3 (diamond), and no vector (open circle) were grown at 37 C in LB medium containing 0.6 mM menadione. After 14 h, the A 600 was monitored on a microplate reader. Values are the means AE standard deviation for three experiments. Next, the shotgun clones were tested for enzymatic UGE activity following the method described previously. 12) Very weak activity was observed for cells carrying pUC118 empty vector. By contrast, five out of six shotgun clones displayed 2.5-13 fold higher activity than that of E. coli carrying pUC118 (Table 2 ). Higher levels of activity were detected for clones having the galE gene in the same direction as the vector's LacZ promoter (SG2E6, SG2G5, and SG3E3). This activity was also detected in fosmid-carrying MRfos3E7, confirming that menadione resistance was due to UGE activity. We also tested the other initially identified positive fosmids (e.g., MRfos2E3, MRfos5B6, and MRfos6F3) for UGE activity. MRfos2E3 and MRfos6F3 displayed UGE activity. Therefore, these clones must have acquired menadione resistance based on the same mechanism. To our surprise, however, resistance to menadione was negatively correlated with UGE activity. In the presence of 1 mM menadione, all the shotgun clones grew, but growth was better for the clones that displayed lower activity.
Next we generated an N-terminal histidine taggedrecombinant UGE. The gene was overexpressed in E. coli BL21(DE3) (F À ompT hsdSB (rB À mB À ) gal dcm (DE3)) pLysS, and purified using a HisTrap column (GE Healthcare, Piscataway, NJ). The enzyme had a molecular mass of 38,992 as determined by time-offlight mass spectrometry, and of 63.3 kDa as determined by gel permeation column chromatography. Sitedirected mutagenesis of one of the catalytic residues, Ser124, 11) to alanine reduced the activity to about 2%, implying conservation of the enzymatic properties to known UGEs. This variant was then tested for resistance to menadione. In the presence of 1 mM menadione, the clone did not grow, unlike the wild type. However, it was resistant to up to 0.75 mM menadione, where vector (pUC118) alone was not, implying that even trace UGE activity can confer menadione resistance.
UGE catalyzes the interconversion of UDP-glucose and UDP-galactose by inverting the stereochemistry at the C4 position. UDP-galactose is used in the synthesis of carbohydrate polymers composed of galactose, including the bacterial virulence factors extracellular lipopolysaccharide and capsular polysaccharides. These are the major surface polysaccharides in many gramnegative bacteria that confer a permeability barrier on the hosts against lipophilic compounds.
13) Based on the physiological role of UGE, we concluded that metagenomic UGE played a role in the formation of a surface barrier to menadione. In order to confirm this, we used another set of quinone compounds, plumbagine and 2-hydroxy 1,4-naphthoquinone. These compounds must be reduced to semiquinone by cellular enzymes to generate ROS. Hence, we assumed that if UGE contributes to the formation of surface barrier, cells expressing UGE should also acquire resistance to these lipophilic quinones. Shotgun clones SG1H1 and SG2G5 were used for the test, and both clones showed higher levels of resistance (minimal inhibitory concentrations of 0.5 mM for plumbagine and 2.0 mM for 2-hydroxy 1,4-naphthoquinone) than E. coli having pUC118 alone (minimal inhibitory concentrations of 0.25 mM for plumbagine and 1.0 mM for 2-hydroxy 1,4-naphthoquinone).
Taking the susceptibility to ROS and the resistance to lipophilic quinone compounds into consideration, our study suggests that menadione resistance due to UGE was associated with the permeability barrier against menadione but not with the direct elimination of ROS. However, since it was not clear how the activity the UGE activity affects resistance, further studies are needed to determine the detailed mechanism underlying UGE in quinone resistance. The metagenomic approach was thus used advantageously to find a novel gene responsible for menadione in bacteria. The nucleotide sequence reported in this paper has been deposited in GenBank/EMBL/DDBJ, under accession no. AB294750. a UGE activity was measured as described previously.
3) Cells were grown in 1.5 ml LB and collected by centrifugation (5,000 g, 10 min, 4 C). Crude lysate was prepared by resuspending the cells in BugBuster reagent (Novagen, Carlsbad, CA), followed by removal of the debris by centrifugation (15,000 g, 10 min, 4 C). The reaction was carried out at room temperature in 10 mM Tris-HCl (pH 8.5, 50 ml) containing 10 ml of cell extract and 1 mM UDP-galactose. After 3 min, the reaction was stopped by the addition of 5.5 ml of 0.1 N HCl and boiling for 5 min. To neutralize the mixture, 5.5 ml of 0.1 N NaOH was added. The concentration of glucose in the reaction solution (20 ml) was determined by the addition of 80 ml of glucose oxidase/peroxidase reagent (GO assay kit; Sigma, St Loius, MO) and 0.5 mM 2,2 0 -azino-di-(3-ethylbenzothiazoline)-6-sulfonic acid diammonium salt. After 30 min, the A 418 was determined. One unit is equivalent to the production of 1 mmol glucose production per min. b Cell were grown at 37
C for 18 h in LB medium containing menadione (1 mM for plasmid clones and 0.6 mM for fosmid clone). After 16 h, 100 ml was taken and A 600 was read on a microplate reader. Values are relative to that obtained in the absence of menadione in %.
